The light reaction of oxygenic photosynthetic organisms proceeds by the cooperation of hundreds of such cofactors as chlorophyll (Chl), quinones, and carotenoids, placed within large pigment-protein complexes, photosystem (PS) I and PS II, in thylakoid membranes. Most Chl molecules function as lightharvesting pigments to funnel the excitation energy to the primary electron donor, P700 in PS I and P680 in PS II (for review, see Ref. 1). In the electron-transfer chains of PS I and PS II, minor Chl a derivatives play crucial roles in light-induced charge separation. 2 PS II contains two molecules of demetallated Chl a, pheophytin (Phe) a, as the primary electron acceptor. 3 We have proposed the existence of one or two molecules of Chl a′, the C13 2 -epimer of Chl a, in PS I through HPLC analysis of pigments.
However, whether other oxygenic photosynthetic organisms use one Chl a′ molecule in P700 is still unknown. Because Chl a′ has practically the same absorption and fluorescence spectra as Chl a, 7 but shows a different chromatographic behavior, 8 an HPLC analysis of pigment extracts is the sole reliable way for the precise determination of Chl a′ in PS I. For this purpose, the conditions for pigment extraction and HPLC must strictly ensure the molecular integrity of Chl a, since Chl a undergoes several alterations in organic solvents. 9 Recently, we developed such conditions which can deduce the Chl a′/PS I ratio on a single reversed-phase HPLC trace by the simultaneous detection of Chl a′ and phylloquinone (PhQ), the secondary electron acceptor of PS I. 10 Pigment composition analyses of two cyanobacteria, a green alga Chlamydomonas reinhardtii, and spinach, combined with spectrophotometric determination of the Chl a/P700 ratios showed that one Chl a′ molecule exists in the vicinity of P700 in these organisms. 38 The light-harvesting system exhibits a significant variety among oxygenic photosynthetic organisms. 11 Typical cyanobacteria use soluble membrane-extrinsic phycobiliproteins as a light-harvesting system. Green algae and higher plants utilize only membrane-intrinsic Chl a/b complexes, LHC I and LHC II. The light-harvesting systems of red algae are known to be a transitional state from cyanobacteria to green plants, 12, 13 and contain both phycobiliprotein and membrane-intrinsic LHC I (containing Chl a alone as the chlorophyllous pigment). 14, 15 Hence, the pigment composition of red algae is of much interest to examine the universality of the existence of one Chl a′ molecule in P700.
In view of this, we extended the pigment composition analysis to two red algae, a marine alga Porphyridium purpureum employed for many biochemical studies [12] [13] [14] and an alga living in an extreme environment, Cyanidium caldarium. 16 
Experimental

Photosynthetic organisms
Porphyridium purpureum IAM R-1 was grown in an artificial seawater medium 17 for 7 days at 25˚C with aeration under continuous white illumination. Cyanidium caldarium IAM R-11 was cultured in the Allen medium 16 for 7 days at 36˚C with aeration under continuous white light.
Isolation of thylakoid membranes and photosystem I
Thylakoid membranes were prepared essentially according to Ref. 14, omitting the sucrose density gradient centrifugation for purification. Sodium ascorbate (5 mM) was added to the buffer solutions to prevent Chl a degradation during cell disruption. Thylakoid membranes were washed three times with ultrapure water and immediately subjected to an HPLC analysis and a P700 assay. PS I-LHC I was prepared by a method similar to that described in Ref. 14 for both organisms. Thylakoid membranes suspended with water were solubilized with dodecyl-β-Dmaltoside (DM; Dojin Chemical) at DM/Chl a ratios of 37.7 (w/w) 14 and 20 (w/w) for P. purpureum and C. caldarium, respectively, and a Chl a concentration of 1 mg mL -1 . The Chl a concentrations were determined after extraction with acetone/water = 4/1 mixture by using an extinction coefficient of 76.79 mM -1 cm -1 at the QY maximum. 18 After removing insoluble materials, the solubilized thylakoid membranes were loaded to 0.4/1.2 M sucrose steps containing 0.02% DM, 50 mM Tris-HCl (pH = 8.0), then centrifuged at 140000 × g for 10 h with a fixed-angle rotor, Hitachi P70-T. After centrifugation, the PS I-LHC I fraction in the gradients was loaded to an anionexchange perfusion HPLC column, POROS HQ/L (7.5 mm × 100 mm, Applied Biosystems) pre-equilibrated with 0.1% DM, 50 mM MES-NaOH (pH = 6.8). PS I-LHC I was eluted with linear gradient of NaCl concentration from 50 mM to 225 mM within 15 min at a flow rate of 5.0 mL min -1 . PS I-LHC I was finally concentrated on a 30-kDa ultrafiltration device, Ultra Free-4 (Millipore). The samples were frozen at -20˚C until use.
PS I depleted of LHC I and a part of peripheral subunits (TX-PS I) was prepared by treating PS I-LHC I with Triton X-100 (TX) at a TX/Chl a ratio of 25 (w/w) for 30 min at room temperature. PS I-LHC I treated with TX was fractionated by sucrose density gradient centrifugation in a 0.4/0.8 M sucrose step containing 0.05% TX, 50 mM Tris-HCl (pH = 8.0) at 140000 × g for 10 h. The TX-PS I fraction was further purified with anion-exchange perfusion HPLC and concentrated, as described above. The sample was stored at -20˚C until analysis.
During these procedures, the samples were always placed on ice, unless otherwise indicated.
Pigment extraction and HPLC
Pigments were extracted with acetone/methanol = 1/1, as described elsewhere. 10 A pigment solution filtered with a 0.45 µm PTFE filter, Millex FH13 (Millipore), was directly injected to HPLC without removing the solvents. For P. purpureum, reversed-phase HPLC conditions were the same as in Ref. 10 . For C. caldarium, pigments were eluted with acetonitrile/2-propanol/water = 75/20/5 (v/v) through a polyetheretherketone (PEEK) column (4.6 mm × 150 mm) packed with Pegasil ODS (Senshu Science, Tokyo) at a flow rate of 1.2 mL min -1 . The eluent was switched to acetonitrile/2-propanol = 85/15 after elution of Chl a′. The column temperature was maintained at 20˚C. For both elution conditions, the pigment elution was monitored with three detectors connected in series, two UV-vis detectors, Shimadzu SPD-10Avp setting their wavelength at 266 nm and 660 nm, and a photodiode array detector, Shimadzu SPD-M10AVvp.
The Chl a/Chl a′ and Chl a/Phe a ratios were deduced from HPLC traces detected at 660 nm. The Chl a/PhQ ratio was deduced from a 266-nm trace. The Chl a/Chl a′ ratio was deduced from a direct comparison of the peak areas. The Chl a/PhQ and Chl a/Phe a ratios were deduced from a comparison of the peak areas corrected with factors determined from a calibration curve of each pigment. 10 
P700 determination
The P700 concentration was determined from the absorbance change at the maximum of the QY bleaching band induced by continuous actinic illumination. 5 The absorbance change was measured with a double-beam spectrophotometer (JASCO V-560) modified for lateral illumination. 5 The differential extinction coefficient of 64 mM -1 cm -1 at the maximum of the QY bleaching band 19 was employed for quantitation of the P700 concentration.
The Chl a concentration was determined after extraction with acetone/water = 4/1, based on the extinction coefficient, 76.79 mM -1 cm -1 . 18
Results
Pigment composition of P. purpureum
For P. purpureum ( Fig. 1 ), PhQ (peak 1), Chl a (peak 2), Chl a′ (peak 3), and Phe a (peak 4) can be detected and clearly resolved on the HPLC traces as previously reported for spinach thylakoid membranes. 10 The Phe a peak area significantly decreased from thylakoid membranes to PS I-LHC I and TX-PS I. Most of the xanthophyll peaks, which are ingredients of LHC I, 11 at around 5 -10 min disappeared in going from PS I-LHC I to TX-PS I. These findings demonstrate that PS II is practically absent in PS I-LHC I and TX-PS I, and most of LHC I had been removed in TX-PS I. The HPLC results were also confirmed by SDS-PAGE analyses of these preparations (data not shown).
The Chl a′ peak area increased in going from thylakoid membranes to TX-PS I with a concomitant increase of the PhQ peak area. This shows that Chl a′ is localized in the core part of PS I and is absent in LHC I. The results of HPLC and P700 determinations are summarized in Table 1 . By taking into account the 2:1 stoichiometry between PhQ and PS I, the Chl a′/PhQ ratio of 0.5 in PS I-LHC I indicates the existence of one Chl a′ molecule in PS I-LHC I. The Chl a/P700 ratio of 136 in PS I-LHC I agrees well with the reported value, 132. 12 The Chl a′/P700 ratio of 0.93 also supports the Chl a′/PS I ratio of 1 determined from PhQ quantitation by HPLC. For TX-PS I, the Chl a′/P700 ratio of 1 supports the 1:1 stoichiometry between Chl a′ and PS I, though the Chl a′/PhQ ratio of 0.64 does not agree with the Chl a′/PS I ratio of 1. The larger Chl a′/PhQ ratio would be due to partial detachment of PhQ from PS I by harsh TX treatment during preparation, because the PhQ/P700 ratio of TX-PS I, 1.52, was smaller than that of PS I-LHC I, 1.89. A partial loss of PhQ in TX-PS I is consistent with a previous finding that one of the two PhQ molecules can be readily extracted. 20 Though the Chl a/P700 ratio of thylakoid membranes in P. purpureum can vary with the growth irradiance, 21 the Chl a/P700 ratio of thylakoid membranes, 179, agrees well with the previous value, 172, 21 determined at a similar growth irradiance. The Chl a/PS II ratio, 460, deduced from the Chl a/Phe a ratio, 230, was also in line with the Chl a/PS II ratio, 405, determined from the ratio between Chl a and QA, the secondary electron acceptor of PS II. 21 The Chl a′/PhQ and Chl a′/P700 ratios of thylakoid membranes are slightly smaller than 0.5 and 1, respectively, while the PhQ/P700 ratio was about 2. The smaller Chl a′/PhQ and Chl a′/P700 ratios might be due to inefficient extraction of Chl a′ from the thylakoid membrane fraction. Solubilization of PS I from thylakoid membranes of P. purpureum requires a higher concentration of detergent, the DM/Chl a ratio of 37.7 (w/w), 14 by comparing with the case of cyanobacteria, the DM/Chl a ratio of 10 (w/w). 22 Pigment composition of C. caldarium For C. caldarium, the PhQ peak was not found on the HPLC traces obtained under the elution conditions in Fig. 1 (not shown). To examine which kind of quinone molecule is associated with PS I, the pigment composition of C. caldarium was determined under modified reversed-phase HPLC conditions (see Experimental) (Fig. 2) . A peak (peak 1) exhibiting an absorption spectrum identical with that of PhQ (Fig. 3 (B) ) was newly found at around 10 min. No other naphthoquinone and benzoquinone peaks were found on the HPLC traces of PS I-LHC I and TX-PS I. Because the area of peak 1 was increased by purification of PS I, namely in going from thylakoid membranes to TX-PS I, this PhQ derivative should be an ingredient of PS I. Because the PhQ derivative exhibits an absorption spectrum identical with that of PhQ, the structural difference between PhQ and the PhQ derivative would reside on the isoprenoid side chain. The retention time of the PhQ derivative newly found in C. caldarium was considerably shorter than that of PhQ, which was eluted at about 30 min (Fig. 3 (1) ). By taking into account the fact that the retention time of C17 3 isoprenoid isomers of Chl a in reversed-phase HPLC is largely shortened by increasing the number of double bonds in the isoprenoid side chain, 5 the retention time of the PhQ derivative was compared with the standard sample of a PhQ isomer, menaquinone-4 (MQ-4, vitamin K2), whose isoprenoid side chain is geranylgeranyl group instead of phytyl group (Fig. 3 (A), (1) ). The standard sample of MQ-4 exhibited the same retention time as the PhQ derivative ( Fig. 3 (A) , (2) and (3)). When the C. caldarium extract and MQ-4 standard were co-eluted, MQ-4 and the PhQ derivative were eluted as a single peak (Fig. 3 (A) , (4) Each point is a mean ± S.D. of three independent experiments. a. NQ is PhQ in P. purpureum and MQ-4 in C. caldarium. Fig. 1 HPLC traces of pigments extracted from (1) thylakoid membranes, (2) PS I-LHC I, and (3) TX-PS I of P. purpureum detected at 266 nm. Peak 1, PhQ; peak 2, Chl a; peak 3, Chl a′; peak 4, Phe a. The peak at around 50 min is that of β-carotene. The Chl a peak areas are arbitrarily scaled to a common intensity. Peaks 1, 3, and 4 are vertically magnified with a factor given on each peak. (3) TX-PS I of C. caldarium detected at 266 nm. Peak 1, naphthoquinone; peak 2, Chl a; peak 3, Chl a′; peak 4, Phe a. The peak at around 80 min is that of β-carotene. The Chl a peak areas are arbitrarily scaled to a common intensity. Peaks 1, 3, and 4 are vertically magnified with a factor given on each peak.
( Fig. 3 (A) , (2)). The absorption spectra of peak 1, MQ-4, and peak 1 + MQ-4 were identical (Fig. 3 (B) ). These findings verify that the PhQ derivative in PS I is MQ-4. In Fig. 2 , the smaller Phe a peak (peak 4) in PS I-LHC I and TX-PS I than in thylakoid membranes, and the essential absence of xanthophyll peaks at around 6 min in TX-PS I, support the effective purification of PS I-LHC I and TX-PS I as in P. purpureum. The Chl a/P700 ratio of thylakoid membranes (Table 1) , 180, was almost the same with that of P. purpureum. The Chl a/P700 ratio of PS I-LHC I, 103, was smaller than the previous values, 163 -205. 15 For higher plants, the Chl a/P700 ratio of PS I-LHC I is known to sensitively change with the detergent concentration during solubilization of the thylakoid membranes by a partial detachment of LHC I from the PS I holocomplex. 23 The smaller Chl a/P700 ratio found here would be due to the same reason. The Chl a′/P700 ratios were about 1 for all of the preparations. The Chl a′/MQ-4 and MQ-4/P700 ratios of about 0.5 and 2, respectively, in both thylakoid membranes and PS I-LHC I show that two molecules of MQ-4 are associated with PS I of C. caldarium as are PhQ in P. purpureum. The MQ-4/P700 ratio in TX-PS I was slightly smaller, 1.65; this is probably due to partial loss of MQ-4 during TX treatments as in TX-PS I of P. purpuureum. These results show that PS I of C. caldarium also contains one Chl a′ molecule at the core part, and two PhQ molecules observed in P. purpureum are replaced by MQ-4 molecules.
Discussion
Possible location of Chl a′ molecule in PS I
For both P. purpureum and C. caldarium, we detected one Chl a′ molecule at the core part of PS I. As demonstrated by Xray crystallography of the PS I trimer of S. elongatus, the C13 1 keto carbonyl and the C13 3 methoxy groups of Chl a′ in P700 constructs hydrogen bond networks with surrounding amino acid residues of PsaA, such as Thr743A, Ser607A and Tyr603A, and a water molecule. 6 All of the key amino acid residues taking part in the hydrogen bond networks to Chl a′ in S. elongatus are conserved in the PsaA amino acid sequence of C. caldarium. 24 Though the PsaA amino acid sequence of P. purpureum has not yet been determined, that of another red alga, Porphyra purpurea, 25 also conserves these key amino acid residues. One of the reasons why the C13 2 stereoisomer of Chl a, Chl a′, is employed in P700 would, in part, be due to the geometrical requirements for properly binding to such a characteristic environment. In this view, the conservation of all key amino acid residues taking part in the hydrogen bond networks with Chl a′ indicates that one Chl a′ molecule detected in PS I of red algae employed here would also constitute one of the two Chl molecules in the P700 dimer.
Menaquinone-4 in PS I of C. caldarium
In PS I of C. caldarium, two molecules of MQ-4 were found in place of PhQ which are used as the secondary electron acceptor(s) in many organisms. Higher plants and most of the cyanobacteria examined to date contain two molecules of PhQ in PS I, 20, 26, 27 and there has been no report concerning the participation of MQ-4 in PS I. Since the difference between PhQ and MQ-4 lies only in the number of double bonds on the isoprenoid side chain, the redox potentials of the two naphthoquinones are almost the same within the experimental error. 28 In extraction/reconstitution experiments of PhQ in spinach PS I, MQ-4 showed a high affinity for the PhQ-binding site 29 and the kinetics of the P700 + A0 -→ P700 + PhQ (MQ-4) -reaction was the same for both PhQ and MQ-4. 30 Therefore, the two molecules of MQ-4 can function as the secondary electron acceptor of PS I in C. caldarium.
In the process of PhQ biosynthesis, the phytyl side chain is attached by condensation of phytyl pyrophosphate and 1, 4-dihydroxy-2-naphthoic acid (DHNA). 31 The condensation process is catalyzed by a menA gene product (DHNA phytyl transferase). 31, 32 The deduced amino acid sequence of the menA of C. caldarium 24 possessed an identity of only 15%, between Syechocystis sp. PCC6803 33 and T. elongatus 34 containing PhQ, 6, 27 while the identity was as high as 55% between S. PCC6803 and T. elongates. The lower identity of the menA amino acid sequence between C. caldarium and cyanobacteria might change the substrate specificity of the menA product of C. caldarium from those of the PhQ-containing cyanobacteria. The menA gene product of C. caldarium might act as a DHNA geranylgeranyl transferase instead of phytyl transferase. This might be one of the reasons why PhQ is replaced with MQ-4 in PS I of C. caldarium.
Recently, several S. PCC6803 mutants were constructed with inactivated genes for PhQ biosynthesis. 31, 35 An examination on these mutants showed that PS I of S. PCC6803 recruited plastoquinone molecules in the menA or menB gene inactivated mutants, 31, 36 or 2-phytyl-1,4-naphthoquinone in the menG gene inactivated mutant 35 than PhQ. It was previously reported that PS I of a euglenophyceae Euglena gracilis and a cyanobacterium Synechococcus sp. PCC6301 contain a PhQ isomer, 5′ OH-PhQ, possessing a hydroxyl group at 5′ position of the phytyl side chain. 34 The existence of MQ-4 in PS I of C. caldarium and 5′ OH-PhQ in PS I of the above-mentioned organisms might indicate that considerable diversity would exist in the molecular species of quinones bound to PS I among oxygenic photosynthetic organisms. A further investigation on the pigment composition of a series of photosynthetic organisms by the analytical conditions employed here would bring further insights into the universality and diversity of the key functional pigments in the photosynthetic light reaction.
